The fish community of Loch Lomond has changed rapidly in recent years following introductions of 5 new species of fish. The response of the most abundant resident, piscivorous bird, the Grey Heron Ardea cinerea, to the sudden arrival and rapid population expansion of potential prey species is evaluated here. The relative rate of predation of fish by herons during the breeding season and the size of the breeding population before (1978) and after (1990) new species invasions is compared. In addition the relative abundance of fish prey species after the introduction of new species is examined. In 1978 the discarded remains of fish below the nests of breeding herons was dominated by native Roach Rutilus rutilus (63%). By 1990, at the same colony, at the same time of year, discards comprised mainly Ruffe Gymnocephalus cernuus (61%). It would appear that this diet shift was not the result of a lack of available Roach, rather that it was a functional shift in prey choice

P
eriods of rapid change in prey populations often offer important opportunities to study the relationship between predators and their prey. In particular such studies can yield useful information on the functional response of predators to a changing prey environment and the role of prey dynamics in the regulation of predator population size. 1, 2 In Loch Lomond, Scotland, there have been rapid and dramatic changes to the fish community resulting from a series of invasions by fish species new to the catchment. In 1982 the first Ruffe Gymnocephalus cernuus, to be found in Scotland was discovered there; this was followed by records of 4 other species (Gudgeon Gobio gobio; Dace Leuciscus leuciscus; Chub Leuciscus cephalus and Crucian Carp Carassius carassius) [3] [4] [5] In the years following their arrival, all of these species became established and formed breeding populations.
However, the most successful of these invading species has been the Ruffe. Since being discovered, the Ruffe population has expanded exponentially, doubling in size every 1-2 years from 1982 until 19906 (P.S. Maitland, pers. comm.). It is now one of the commonest species there.7'8 Superficially Ruffe would appear to be an ideal forage species for piscivores. It is small, reaching a maximum size in Loch Lomond of around 160 mm, a relatively poor swimmer with a slow maximum burst speed (B. Ehmer, pers. comm.) and juveniles are frequently seen in shoals in shallow water of less than 1 m depth in summer (pers. obs.). However, Ruffe are apparently well protected from predators by sharp dorsal, pectoral and opercular spines. Despite this, it is known that some bird species are capable of foraging on Ruffe (e.g. the Smew Mergus albellus9 and the Cormorant Phalacrocorax carbo'°'11)
The Grey Heron Ardea cinerea is the most abundant resident avian predator of fish on Loch Lomond, with currently around 50 pairs nesting in the catchment. 12 Although regarded primarily as piscivorous, herons are highly omnivorous, and different populations have been reported preying upon invertebrate, amphibian, reptile, bird and mammal species [13] [14] [15] [16] [17] as well as a wide variety of fish species.
14' 15 ' 17 To test the hypothesis that the introduction, establishment and subsequent rapid expansion of populations of new fish prey species has altered the relationship between the heron and its native fish prey, we examined the following: medium-term changes in heron fish prey (by examining discarded prey items found beneath nests during the breeding season prior to and following recent invasions by new fish species), changes in the size of the heron breeding colony at the study site and at all other known sites in the Loch Lomond catchment over this period, and the relative abundance of fish prey, following establishment of new prey species.
METHODS
The fish preyed upon by Grey Herons nesting at the Gartfairn heronry, in the south-east corner of Loch Lomond (for a full description see Mitchell18), was examined, prior to invasion by new fish species, in 1978 1 and again in 1990 by which time both Dace and Ruffe had established large populations in the catchment.6-8 In both years the technique used to estimate diet was identical: plastic sheets were spread beneath individual nests in the early spring, each nest (6 in 1978, 11 in 1990) was visited (weekly from 25 February to 11 August in 1978 and from 30 April to 3 August in 1990) and any whole or partial prey fish items collected from underneath the nest, were taken back to the laboratory where fish remains and undigested fish prey material were identified. In 1978 no food remains were recovered until April, and in 1990 not until 11 May, probably because incubating adults were leaving undigested material on the feeding grounds. 15 If and in what way this technique biases the results of diet estimation is not known (M. Marquis, pers. comm.); however, as the study presented here is a comparative one and uses identical techniques in both study years, we assume that any bias remains constant across years.
As part of an ongoing study, regular estimates of the number of breeding pairs have been made since 1970 by counting the number of occupied nests during May and June at the Gartfairn heronry and at all other known nests in the Loch Lomond catchment since 1978.
To examine the abundance of potential fish prey species, collections were made in the lower reaches of the River Endrick and from 2 littoral sites in the south of Loch Lomond between May and July 1989. The River Endrick is the principal tributary of Loch Lomond in the south; it enters the loch adjacent to the Gartfairn heronry and herons are known to forage there. 15 The availability of fish prey was assessed by electric fishing at two sites within a 1-km radius of the Gartfairn heronry. In Loch Lomond fish abundance was estimated by gillnetting. One 40-m multipanel gill-net was set perpendicular to the shore and left overnight on 2 occasions each month (May-July) at sites, 2 km (Ross Priory Bay) and 8 km (Auchentullich Bay) from Gartfairn. Herons were regularly observed foraging at both of these sites (pers. obs.). Catches from both techniques were corrected to a catch-per-unit-effort (c.p.u.e.; number of fish collected per unit time).
RESULTS
The prey of the Gartfairn breeding colony
The range of fish species preyed upon by herons nesting at Gartfairn in 1978 was varied and included 8 species. Roach Rutilus rutilus, dominated recoveries, making up 63.0% of all fish by occurrence (Fig.1) and introduced Dace. In contrast to 1978, the prey recoveries in 1990 were dominated by Ruffe, which made up 60.5% of all fish prey items recovered. Three-spired Sticklebacks, Eels, Stoneloach, Perch and Minnows made up 12.5, 5.9, 2.0, 2.0 and 0.7% of fish prey items, respectively (these data are combined in Fig. 1 to enable visual comparison with 1978 data).
Marquis & Leitch17 in a study of the diet of herons at a breeding colony on Loch Leven, demonstrated a high degree of association between separate prey species from successive nestling regurgitations. This suggests that, at least for a short time, adults specialize in foraging on a small number of species and that prey items collected below individual nests may not be independent of each other. To test the possibility that feeding specialization by a few individuals in the colony significantly skewed the distribution of prey items recovered from below nests, the degree of between-nest concordance was tested using the Kendal test for concordance on the 1990 data only (the between-nest recoveries of individual prey items for 1978 are not available). The degree of concordance in prey species between nests in 1990 was high (w = 0.362, df = 9, P < 0.001) indicating a high degree of similarity in the relative importance of prey items between nests.
Of the 10 nest sites from which discarded fish were recovered (data from 2 nests were combined because, as a result of their proximity, it was impossible to separate the recoveries from each) discards from 7 in 1990 included Ruffe. Of the remaining 3, 2 nests only yielded 1 individual discarded fish prey item. Ruffe were not available to herons foraging on Loch Lomondside (or anywhere else in Scotland) in 1978.
The occurrence of the commonest fish species in all recoveries made in 1978 was lower in 1990. The recovery rate of discarded roach in 1978 was 63% compared with 6% in 1990. Giles 15 showed a slight seasonal variation in the proportion of recoveries of Roach, applying the percentage recovery rate of Roach for May and June from 1978 separately to the total number of recoveries each month from each nest, produces an expected recovery rate of Roach for each nest-month individually. Ignoring nest-months when recoveries were zero, the expected recovery rate of Roach predicted from 1978 data exceeded the actual recovery rate in 1990 on all 15 occasions (Sign test, P < 0.001). For Trout prey, actual recovery rate in 1990 exceeded predicted recovery rate on 13 out of 15 nest-months (Sign test, P < 0.005). the south of Loch Lomond standardized for unit fishing effort. Powan was the most abundant fish in gill-net catches with Ruffe and Roach the second and third most common species. Electric fishing captures at 2 sites in the lower reaches of the River Endrick are shown in Figure 3 . In the River Endrick, 0+ and 1+ age-class Minnows and Roach dominated catches, with mean capture rates of 74 and 51 fish per hour. The capture rate of Ruffe here was relatively low at 2.1 fish per hour.
Relative abundance of fish prey species
The size range of the fish collected using gillnetting and electric fishing (Ruffe 60-134 mm fork-length; roach 30-315 mm; trout 25-260 mm) was found to be within the same approximate size range for these species that was taken by herons (Ruffe length 30-120 mm; roach 30-c.200 mm; trout up to at least 120 mm.15' Figure 4 Roach and Trout to Ruffe. This occurred despite the fact that one might expect Ruffe to be much more difficult to handle than either Roach or Trout although they may be much more easily caught. along with changes in the number of breeding herons in the whole catchment. In 1978 there were 39 nesting pairs at the study site, however, the population declined in size through the early 1980s reaching its lowest size in 1986 after which the population recovered rapidly until by 1990 the population had reached 34 pairs. This pattern of change at the study site closely follows changes in the number of breeding herons throughout the whole catchment.
DISCUSSION
Here we have demonstrated a change in the pattern of predation by herons, at least during the breeding season, in the medium-term (12 years) that has resulted from the introduction and subsequent establishment of a new fish species, the Ruffe. Empirical data presented here strongly suggest that heron predation on the 2 fish species most commonly retrieved in discarded prey material (Roach and Trout) declined over the same period since Ruffe predation commenced. Given that the heron colony in 1990 was smaller in 1978 than in 1990 and that Ruffe in 1990 was a significant prey species it is logical to suggest that heron predation pressure has shifted from native Data presented here show that reduced predation on Roach is not primarily due to a lack of availability of native Roach; rather they suggest that the switch is a behavioural response to changes in prey profitability, as the large population size of Ruffe must represent a highly abundant food source.
The effect of access to this abundant and newly accessible prey source on predator population dynamics remains unclear from this study. Although the heron population examined in this study was smaller in 1990 than in 1978 (Fig. 3) the size of the breeding colony at Gartfairn had been increasing since 1986. Although this apparent increase also coincides with a period of rapid increase in the size of the Ruffe population,6 there is no evidence that the concurrent increase in population size of both predator and prey is anything more than coincidental. Heron population size may be responding to factors other than the availability of food.
